A deep understanding of the interaction and competition between different gases on adsorption processes is essential for the design and optimization of industrial units. Two biomass-derived activated carbons (CS-CO 2 and CS-H 2 O), synthesized in our laboratory, were evaluated as selective adsorbents for the separation of CO 2 from CO 2 /CH 4 mixtures. Adsorption isotherms of the pure gases (i.e., CO 2 and CH 4 ) were performed in a high-pressure magnetic suspension balance at three different temperatures (303, 323 and 343 K) up to 1000 kPa and the data were correlated using the Sips and Toth models. The Ideal Adsorbed Solution Theory (IAST) was applied to predict the binary adsorption equilibrium.
Keywords: Adsorption; CO 2 /CH 4 separation, adsorption performance indicator; biomass 31 Carbon dioxide and methane are the main gases responsible for global warming; the impact of methane in terms of global warming potential is greater than that of carbon dioxide, although CO 2 emissions are quantitatively more important. Both gases are commonly found in gas mixtures such as natural gas, landfill gas, coalbed methane and biogas [1] . Upgrading biogas is commonly utilized. With minor cleanup, biogas can be used to generate electricity and heat.
INTRODUCTION
When processed to a higher purity standard, biogas is called renewable natural gas and can be used as an alternative fuel for natural gas vehicles or to produce hydrogen via steam reforming for fuel cells. Another alternative for the valorization of biogas is the production of syngas to be used as the basis for manufacturing valuable chemicals [2] . It is generally accepted that the utilization of biogas will help to minimize the amount of CH 4 released to the atmosphere. However prior to use, the carbon dioxide content of the biogas must be reduced in order to increase the heating value of the methane and to avoid pipeline and equipment corrosion in the presence of water [3] [4] [5] . The separation of carbon dioxide to upgrade methane is of critical economic importance and is still a subject of intensive research [6, 7] . Different technologies are available for this purpose, such as absorption processes 47] and in the textile industry [48] . Moreover, cherry stones have been tested for specific applications such as electrode materials [49] [50] [51] . However, to the best of our knowledge, there are no reports on the application of cherry stone-based activated carbons to the separation of CO 2 /CH 4 .
Extensive work is being undertaken on the adsorption equilibrium of pure gases (e.g. CH 4 and CO 2 ) on different adsorbents at pressures below 1000 kPa mainly because it is relatively easy to evaluate in commercial laboratory appliances [52] [53] [54] [55] . However, experimental measurement by means of multi-component adsorption isotherms over wide ranges of pressure, temperature and feed gas compositions, which is necessary to predict the competitive adsorption behavior of gas mixtures, is time-consuming and sometimes difficult to carry out experimentally with sufficient accuracy. To this end, empirical models have been developed to predict multi-component adsorption on the basis of single-component adsorption data [56, 57] . Nevertheless, validation of the model with experimental multicomponent adsorption data is required, particularly in the case of high pressure adsorption [58] .
Herein we present a systematic study of the main parameters involved in the equilibrium of CO 2 and CH 4 adsorption, which is the basis of most adsorption processes. We have gravimetrically measured pure component adsorption isotherms of CO 2 and CH 4 , on two cherry stone-based activated carbons previously prepared in our laboratory: a pressure range of up to 1000 kPa and three different temperatures (303, 323 and 343 K) have been evaluated. The Ideal Adsorbed Solution Theory (IAST) has been applied to predict the binary adsorption of CO 2 /CH 4 on the basis of single component gas adsorption fittings to the Sips and Toth models. In addition, the heat of adsorption and the selectivity of the cherry stone-based activated carbons for separating CO 2 from a biogas representative CO 2 /CH 4 mixture have been calculated. All these parameters have been integrated in a performance indicator so as to establish the potential of the produced biomass-based activated carbons for biogas upgrading under real conditions.
MATERIALS AND METHODS
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MATERIALS
Two activated carbons, CS-CO 2 and CS-H 2 O, previously obtained in our laboratory from a low-cost biomass precursor, cherry stones, were evaluated as adsorbent materials. CS-CO 2 was prepared in a single-step activation using carbon dioxide, whilst CS-H 2 O was prepared using steam as activating agent. Details on the preparation protocol as well as the chemical and textural characterization can be found elsewhere [59] . and is equipped with a porous plate located 4.7 cm from the base of the column.
More details about the set-up can be found elsewhere [62] . A mass flow meter, M13 mini CORI-FLOW meter from Bronkhorst, was incorporated to the set-up to measure the flow rate of the effluent through the adsorbent bed.
A simulated biogas, CO 2 /CH 4 mixture (50/50 vol. %), was fed (30 mL/min STP) to the adsorption unit and the adsorption performance of the samples was evaluated at 300 kPa and at 303 K. In this equation, q represents the concentration of the adsorbed species, P is the equilibrium pressure and q s , b and n are the maximum adsorption capacity, the adsorption equilibrium constant and the parameter indicating the heterogeneity of the system, respectively. This heterogeneity (n), which may have originated from the solid structure, the solid energy properties or the adsorbate, is usually greater than unity. Therefore the larger it is, the more heterogeneous the system is. When n is unity, the model assumes the appearance of the Langmuir equation. As a first approximation, q s was considered to be temperature independent and b, and n were considered to be temper d de t ature epen n [56] :
In the above equations, b 0 , n 0 , α are the constants associated to the temperature dependent equations; R is the universal gas constant and T is the temperature. Q is the isosteric heat at a fractional loading of 0.5 and T 0 is the reference temperature which, in this case, is 303 K. where q * represents the concentration of adsorbed species, q s * the saturation capacity and P the pressure of the adsorptive. The parameters b * and t are specific for adsorbate-adsorbent pairs. When t=1, the Toth isotherm is simplified to the Langmuir equation. Hence, like n in the Sips equation, the parameter t is said to characterize the system´s heterogeneity. However, t is usually less than unity.
As in the Sips equation described so far, the temperature dependence of the equilibrium parameters in the Toth equation also needs to be considered [56] : CH 4 ) and N is the total number of experimental data points. Hence, the goodness of the fit of each model is assessed from the minimum SSR value.
Multicomponent adsorption
Using the fitted parameters from the pure component experimental adsorption data, predicted adsorption data for a binary mixture of CO 2 and CH 4 were generated by means of the Ideal Adsorbed Solution Theory (IAST) of Prausnitz and Myers [64, 65] . Based on thermodynamics, IAST is a predictive model which does not require any gas mixture data and is independent of the actual model of physical adsorption. IAST is analogous to Raoult's law for the vapor-liquid equilibrium, which assumes an ideal behavior to represent the relationship between the bulk gas phase and adsorbed phase. The Matlab IAST code constructed by Do [56] was used to predict multicomponent CO 2 /CH 4 adsorption using the pure component Sips and Toth model fittings.
Isosteric heat of adsorption
The isosteric heat of adsorption of the components of a gas mixture is an important parameter for the proper design and operation of any gas-phase adsorption process. It is defined as a partial derivative of the change in the enthalpy of the system with respect to the amount adsorbed at a certain temperature, pressure, amount adsorbed and surface area [ decrease in the heat of adsorption with gas loading is ascribed to highly heterogeneous adsorbents with a wide distribution of gas-solid energies of interaction. Finally, a constant heat of adsorption with gas loading indicates a balance between the strength of cooperative gas-gas interactions and the degree of heterogeneity of gas-solid interactions [67] .
For any given isotherm model, the isosteric heat of adsorption, Q st , is typically estimated using the Clau s-C ap n tio s llows: siu l eyro equa n a fo where n * is the specific amount adsorbed at a pressure P and temperature T. A plot of ln P against 1/T gives a straight line whose slope represents Q st / R.
The heat of adsorption determines the temperature changes inside the adsorber during the ad/desorption steps of the process, which, in turn, govern the local adsorption equilibria and kinetics, and, consequently the overall performance of the process [68] . The Clausius-Clapeyron equation has been applied to estimate the heat of adsorption of CO 2 and CH 4 on CS-CO 2 and CS-H 2 O. For both CO 2 and CH 4 the equilibrium adsorbed amounts increase, as the pressure in the system increases although the slope decreases at higher pressures since the adsorption sites are then approaching saturation. The adsorption isotherms also show that at under similar process conditions of pressure and temperature, the amount of CO 2 adsorbed is significantly greater than the quantity of CH 4 adsorbed. This phenomenon can be ascribed to the large quadrupole moment of CO 2 compared to CH 4 (CH 4 does not have a quadrupole moment). This property leads to a higher affinity of the adsorbent surface for CO 2 which results in an increased uptake. As can be seen in Figure 1 temperature strongly affects the equilibrium adsorption capacity at a given pressure. In an adsorptive separation process, the temperature is increased during the adsorption step due to the exothermic nature of the adsorption process, whereas it is diminished during desorption, which is an endothermic process. This thermal effect tends to undermine the performance of the adsorbent, as it reduces the equilibrium capacity during the adsorption step whereas it increases it during the regeneration step. If the performance of both samples towards CO 2 parameters and the sum of the squared residuals (SSR) are tabulated in Table 2 .
As can be seen from Figure 1 , the excellent agreement between the fittings of both models and the experimental data demonstrates that these isotherm models can be employed to accurately correlate the adsorption equilibria of the two adsorbates. This goodness of fitting is corroborated by the small values of the SSR reported in Table 2 . The amounts adsorbed at saturation conditions, as predicted by the models for both samples, are always greater for CO 2 than for CH 4 . This implies selectivity of the adsorbents towards CO 2 . The affinity parameter, b, decreases with the increase in adsorption temperature. This could be ascribed to the higher coverage and stronger affinity of the adsorbate towards the adsorbent surface at lower temperatures.
PREDICTION OF BINARY ADSORPTION EQUILIBRIA FROM SINGLE
COMPONENT DATA Figure 2 shows the uptake versus total pressure of multicomponent gas adsorption equilibria, as predicted from the IAST-Sips and IAST-Toth (solid and dashed lines, respectively) models for a binary gas mixture of CO 2 and CH 4 (50/50 vol.%). The single-gas fitting parameters in Table 2 were used for these predictions.
To evaluate the reliability of the prediction, breakthrough experiments with a feed gas of the same composition were carried out at 300 kPa and at 303 K (square symbols in Figure 2 ). The predicted CO 2 and CH 4 loadings under these conditions are compared to the experimental values estimated from the dynamic experiments in where, q meas is the experimental uptake from the breakthrough experiments and q calc is the value predicted by IAST. According to the values in Table 3 IAST adequately estimates the CO 2 uptakes on samples CS-CO 2 and CS-H 2 O. Greater deviations between the experimental and predicted values are observed in the CH 4 uptakes. Regarding the two CS samples, the IAST-Sips prediction seems to be more precise for CS-CO 2 , in terms of the loading of CO 2 (maximum deviations of up to ±3.3%) and CH 4 (maximum deviations of ±9.7%). In the case of CS-H 2 O both models seem to predict binary adsorption with a similar degree of accuracy. Globally, IAST models predict the experimental performance at 300 kPa with a good degree of accuracy for both samples. (weakly adsorptive) in the equimolar CO 2 /CH 4 binary mixture. In this sense, CO 2 adsorption from the binary mixture at 300 kPa accounts for more than 85% of the adsorption capacity of the pure component at a similar partial pressure (150 kPa) whereas CH 4 only accounts for about 50%. From an engineering point of view, the heat of adsorption is a measure of the energy required to regenerate an adsorbent as it provides an indication of the temperature variations that might be expected on the bed during adsorption (and desorption) under adiabatic conditions. Therefore, although high adsorption energies are associated with high selectivities, it is generally desirable for the strongly adsorbed component to have a relatively low adsorption enthalpy in order to reduce the regeneration requirements.
It can also be noticed that there is agreement between our estimations of Q st and the values reported in the literature for CO 2 and CH 4 adsorption on activated carbons [55, 69] .
SELECTIVITY FOR SEPARATING CO 2 FROM CO 2 /CH 4 MIXTURES
The selectivity or separation factor (the preferred term in engineering) is another important parameter for evaluating adsorbents. To obtain reliable values it should be estimated from multicomponent (binary in the present case) adsorption data instead of being assessed from pure component adsorption data, which is the more common practice. Selectivity for a binary mixture of CO 2 and CH 4 may be defined by equation 9, where x refers to the molar fraction in the adsorbed phase, estimated, in our case, from the multicomponent IAST-Sips model (it was selected because of its better prediction) and where y refers to the molar fraction in the gas phase (50/50 vol.%). The separation factor is the key for the screening of adsorbents for use in a PSA process, since, the higher the separation factor is, the greater the purity of the product [ As can be seen in the figure, selectivity is inversely proportional to temperature. The highest selectivity for both samples is observed at the lowest temperature, 303 K. An increase in temperature reduces the adsorption levels of both gases but increases the gas diffusion of both CO 2 and CH 4 . On the other hand, small variations in adsorption selectivity with pressure can be observed. It is worth to note that at 303 K selectivity slightly increases with pressure. This behavior may not be accounted for by the non-idealities occurring in the gas phase with increasing pressure. The separation factor increases similarly as the partial loading of carbon dioxide, namely with increasing pressure, decreasing temperature and increasing mole fraction of carbon dioxide in the gas mixture.
Apparently a high separation factor exists in conjunction with a high partial loading of carbon dioxide on the adsorbents [ Small differences between both adsorbents are observed: CS-H 2 O presents a greater selectivity than CS-CO 2 at low pressures at the three temperatures studied but at 1000 kPa the difference in the selectivities of both carbons is less noticeable.
According to these results the maximum selectivity for separating CO 
WORKING CAPACITY
The performance of a PSA unit is not only dictated by the separation factor since this does not reflect the cyclic PSA process. For this reason, another important parameter to be assessed is the working capacity, which is the difference between the amount adsorbed at high pressures and the amount adsorbed at the lowest purge pressure, here assumed to be 100 kPa. The higher the working capacity is, the higher the productivity, i.e., the larger the amount of feed that can be treated with a given amount of adsorbent within a given period of time. This parameter must be estimated under conditions relevant to the separation process and so in this work the binary adsorption equilibrium data from the IAST-Sips model have been used. Figure 5 compares the working capacities for CS-CO 2 and CS-H 2 O at the three studied temperatures (303, 323 and 343 K) over the 100 to 1000 kPa pressure range. The working capacities are directly correlated to the pressure and inversely correlated to the temperature as might be expected for an adsorption process. The maximum working capacities are then reached at 303 K assuming a pressure of 1000 kPa: 2.8 mmol/g for CS-CO 2 and 2.6 mmol/g for CS-H 2 O. Thus, in terms of working capacity CS-CO 2 provides a slightly better performance than CS-H 2 O.
SCREENING THE BEST ADSORBENT
A set of parameters associated with the equilibrium of adsorption were analyzed and evaluated for the two cherry stone-based activated carbons. The results show that no one parameter by itself is valid for identifying the best adsorbent for the specific application under study, CO 2 /CH 4 separation. Thus it is necessary to establish a simple method for evaluating and comparing adsorbents based on readily available adsorption data so as to be able to make an appropriate initial selection of adsorbents upon which more extensive tests can be carried out.
The ideal adsorbent must have a high selectivity, a high capacity and a low adsorption enthalpy. Therefore, selection of the adsorbent(s) will often involve a compromise between two or more of the above factors, and this makes it all more difficult to compare the adsorbents. For a preliminary evaluation based on equilibrium adsorption data it is useful to define a parameter as simply as possible.
For this purpose, the following adsorption performance indicator (API), which Table 4 . The most promising performance corresponds to the adsorbent with the highest calculated API for all the evaluated temperatures. So, as can be seen in where WC 1 and WC 2 are the working capacities of the most and least adsorbed components, respectively, and S 1/2 is the selectivity of component 1 over component 2. This selection parameter has a serious drawback in that it cannot be adapted to account for different objectives in a given process, for instance, depending on whether the principal requirement is high purity or bulk separation.
The values of the selection parameter S, listed in Table 4 , indicate that there is not a preferred CS sorbent for the CO 2 /CH 4 separation, contrary to what the API results suggest. Thus, it appears that the incorporation of the heat of adsorption to the analysis of the equilibrium performance of the adsorbents is of critical importance for the selection of the adsorbent for a specific application. 
